INTRODUCTION
Until recently native point defects were mostly neglected in the study of the ferrimagnetic oxide Y3Fe5012, yttrium iron garnet (YIG). The presence of native defects strongly influences the electrical, optical[l, 21 and magnetic properties [3] . More specifically the magnitude of the photomagnetic effect, that is the change in the magnetic permeability upon irradiation, was found to be proportional to the concentration of oxygen vacanciesD]. The annealing behaviour of the growth-induced anisotropy in substituted iron garnets used in bubble domain devices is also dependent on the diffusion rate of oxygen vacancies [4] . A study of the oxygen diffusion rate is therefore of great importance for control of the annealing treatments of iron garnets.
In an earlier investigation we described the influence of the partial oxygen pressure at high temperatures on the electrical conductivity of YIG [5] . It was shown that a lowering of the oxygen partial pressure produced an increase in the concentrations of native donors which can be oxygen vacancies or interstitial metal ions. The presence of oxygen vacancies in YIG was demonstrated by Paladin0 et aL [6] who carried out tracer diffusion experiments of 0" under a constant partial pressure of oxygen. Due to the large ratio of the anion to cation radii the probability of oxygen interstitials is very low, and the diffusion of the tracer atoms 0" in YIG can therefore only be achieved by jumps via vacant oxygen sites. Thermogravimetric measurements in YIG show that at high temperatures a reversible weight change takes place when the partial oxygen pressure PO, is changed [7] . Following the atomic notation of Kroger and Vink the creation or destruction of m-fold positively charged oxygen vacancies VO" ' (m = 0, 1,2) can be described by the reaction equation O. * Vo". + me' + k 02(g). (1) O. denotes oxygen ions on a normal lattice site, V. are oxygen vacancies, e are electrons, O*(g) denotes gaseous oxygen molecules and the dots and dashes indicate positive and negative charges relative to the normal charge of the neutral lattice.
Let us next consider the possibility of interstitial Yand/or Fe ions. If the reversible weight change mentioned above is to be explained in terms of metal interstitials Yi"' and Fei" (s, v = 0, 1,2,3) we have to consider the reaction 1200e3 Yi"'+SFei"t(3s tSv)e'+60&).
(
Interstitial yttrium and irons ions have to be formed in the ratio 3 : 5 when atoms are removed from the lattice. We have calculated that the garnet structure (space group 0,"') can accommodate interstitial ions with radii less than 0.8 A on the empty b-sites. This means that the small iron ions are allowed here, but that the probability for interstitial yttrium ions is very low. We therefore consider variations in donor concentration due to interstitials unlikely and in the following we shall assume that, in YIG, oxygen vacancies are the only native point defects acting as donor. We found no indications that native defects with acceptor properties are present. There is evidence that at room temperature or below the electrons e' can be localized on the iron ions, i.e. we have to write Fe' instead of e'. We have indeed used this notation in Refs. [l, 31. At the high temperature processes discussed in this paper (T > !JOO'C) the conduction seems to be well described in terms of transport of charge carriers in the valence or conduction bands [8] . Therefore, and without losing generality we write e ' and h ', where in some cases Fe' or Fe' (i.e. in the ionic notation Fe'+ or Fe4+ respectively) could be written.
Application of the law of mass action to eqn (1) then gives
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where the brackets denote the concentration of oxygen vacancies, n = [e'] is the electron concentration and K,(T) is the equilibrium constant of this reaction. Equation (3) shows the dependence of the oxygen vacancy concentration on the oxygen partial pressure. Due to the electrical donor nature of these defects the time dependence of the change towards a new equilibrium state can be obtained by measuring the rate of change of the electrical conductivity after a stepwise change in PO,.
The diffusion rate of the oxygen vacancies can be evaluated by means of this dynamic method. We have used this technique to investigate the diffusion rate in single crystals and in polycrystalline samples of YIG of both n -and p-type. The theory of this measuring method is discussed in Section 2. Subsection 2(a) gives the solution of the diffusion equation for a thin slab, together with the conditions which have to be fulfilled when we use these equations to obtain the diffusion constant from electrical conductivity measurements. In Subsection 2(b) and the associated appendix we discuss how far the forementioned conditions are satisfied for a partially compensated semiconducting material like YIG. Details of the measuring cell and information about the samples is given in Section 3. Finally, in Sections 4 and 5 the experimental data are given and the results compared with literature on 0" tracer diffusion experiments.
MFASDRlNG ME-I-HOD
(a) Diifusion and conductivity in a thin slab A useful sample geometry for which the diffusion equations can be solved is that of a thin slab, i.e. a parallelepiped with two sides much greater than the third. We consider a plane sheet of thickness 21 bounded by the planes x = 2 1 (Fig. 1 ). We assume that the effective (i.e. is independent of the concentration of these; furthermore that at time t < 0 the region -1 < x < 1 is at a uniform concentration Co and that the surfaces for times t 2 0 are kept at a constant concentration C,. The concentration C = C(x, t) at place x and time t is than given by [9] X exp (-B(2k + l)*~r~t/41*) cos (2k ;[l)llx* (4)
If the relation between the electrical conductivity cr(x, t) and the defect concentration C(x, t) is given by u = f(C) or by C = I&(U) we can determine the diffusion coefficient from the conductivity. A condition implicitly assumed is that in the concentration and conductivity range studied the functions f and q are monotonic and continuous ($ = f-'). The conductance G = G(t) parallel to the plane of the sheet is per unit area given by I +,
The function f depends on the actual material properties as defined by the equilibrium constants for all reaction equations of the species involved. In Subsection 2(b) we shall discuss some different cases. Except for the case of linear relationship between v and C, which is discussed below, an iterative procedure is necessary to determine the diffusion coefficient by means of eqns (4) and (5) .
In the remainder of this section we consider the special case in which there is a linear dependence of the conductivity u on the defect concentration C, i.e.
Equations (4) and (5) then reduce to (6) G-Go-
This solution can be approximated for two limiting cases.
Using the dimensionless parameter 8 = Dt/41* we get for "small times", 13 s 0.08, (G -G&G, -Go) = 4(0/n)"*, while for "long times", 0 20.035
The two expressions, eqns (8) and (9) approximate the correct solution of eqn (7) within 1% for the indicated fJ ranges. It should be noted that there is a considerable overlap of the &values given. The experimental determination of fi from the time dependence of the conductivity is straightforward if eqn (6) is applicable. For small times the conductance varies as t "* and from the slope of (G -Go) vs t"'B can be determined. For long times 6 can be found from the slope of a plot of In (G, -G) vs t. It can be shown easily that the approximation of the sample by a thin slab, viz. the use of the one-dimensional expressions (4) and (7) gives a value of B which is correct within 1% when the 1ength:thickness ratio exceeds ten.
(b) The relation between the conductivity and the native defect concentration
It has been shown above (Section 2a) that the interpretation of dynamic conductivity measurements is straightforward if a linear relationship between the conductivity and the musing defects exists. A solution is also possible if the function f(C) is known, however, for YIG, as for many other compounds, we do not yet have such knowledge. We therefore have to investigate experimental conditions under which the relationship u = u(C) between u and C as a good approximation can be considered as linear. Using a Taylor expansion we can write
where u(") = iWaC". We see that by keeping the change in the concentration of the diffusing species sufficiently small, the first order term becomes the dominant term, i.e. the relationship can be considered as linear.
In the Appendix we have more specifically investigated the conditions for linearization. We show there, that if the defects, foreign as well as native, are fully ionized, we have a strictly linear relationship as long as p S n or p << II. Where there is incomplete ionization of the defects we find that by keeping [u(C) -u(C~)]/u(Co) < 0.1 the error using eqn (7) under our typical experimental conditions can be estimated to be smaller than 6%.
If the relative change of C is too large and the ionization is incomplete, the diffusion curves will not be symmetrical with respect to increasing or decreasing defect concentration[ lo].
EXPERIMENTAL
Diffusion measurements have been performed on n-type as well as p-type single crystals and on a p-type polycrystalline sample. All crystals were grown from a PbO-BzO,-PbFt flux. The n-type crystals were obtained by substituting small amounts of iron (Fe") by silicon (S?'); the p-type crystals by zinc (Zn") substitution. It is well known that lead ions from the flux are always incorporated in the crystals. The Pb" ions substitute for yttrium (Y") and act as acceptors. In some cases traces of fluorine are found which have to be considered as electron donors. The result of a chemical analysis for a Zn doped and for two Si doped single crystals are given in Table 1 . Pb, Ca and Zn were determined from atomic absorption measurements, for Si and F a photometric analysis was used[lll.
The polycrystalline samples used for the diffusion measurements were made p-type by substitution of about 0.04 yttrium ions per formula unit by Ca ions. These samples were produced by sintering of spray dried powders, using sulphates as starting materials.
The results of a spectrochemical analysis are also given in Table 1 . For the measurements of the electrical conductivity samples were used with typical dimensions 8 x5~0.4mm'. The single crystal slices were sawn parallel to the (110) growth facets.
This size ensures that the one-dimensional diffusion equations (see Section 2(a)) can be applied.
To remove surface layers the samples were etched in boiling HCl and rinsed with water after sawing. The end faces were then covered with layers of sputtered platinum of about 0.5 pm thickness to obtain ohmic contacts for measurements in the temperature region 300-1400°C. The sample is placed between spring-loaded Pt-contacts inside an alumina tube, which in turn is placed inside a high temperature SIC furnace. In Fig. 2 a simplified drawing of the measuring cell is shown. All alumina parts are made of gas-tight, highresistivity alumina. The P&contacts at the ends of the sample are both connected to the outside of the tube by a Pt-wire for the current supply and by a Pt/Pt-lO%Rh thermocouple which was used both for voltage and temperature measurements. A gas flow is maintained through the inlet tube which has an aperture below the sample. The dimensions and geometry of the measuring cell have been chosen so that the gas volume in the cell is minimal and that after a change of the oxygen partial pressure of the gas streaming through the inlet tube the new equilibrium pressure at the sample could be reached in as short a time as possible. Our experimental results indicate that by switching the O2 pressure between 1 and 0.1 atm, which is a typical range used for our diffusion measurements, the equilibration pressure at the sample is established within 1 sec. The partial oxygen pressure in the gas is measured by means of zirconia oxygen gauges comected to the inlet and outlet flanges of the cell.
EXPERIMENTAL RESULTS
An extensive investigation of the temperature dependence of the diffusion coefficient of oxygen vacancies has been performed on a Zn doped single crystal of YIG which shows p-type conduction. Furthermore, results on three other samples of YIG will be compared with the results on the Zndoped crystal.
In Fig. 3 conductance of the sample after a change in the partial oxygen pressure from 1 to 0.1 atm at 1241°C. For small times t we see that G o( v/t and for long times In (G -G,) m t, i.e. the relationships given by eqns (8) and (9) are obtained. The values of the diffusion coefficient calculated from these two approximations agree well with each other. The relative difference of the equilibrium values of the conduction at the two partial pressures used is further seen to be less than 4%. This means that the conduction varies in good approximation linearly with the oxygen vacancy concentration (see Section 2). Using the experimentally determined value of & we can calculate the time dependence of G and compare it with the measured curve. Such a comparison is shown in Fig. 4 . The overall agreement is seen to be good, which shows that eqn (7) is obeyed indeed.
Our results for the Zn-doped crystal are shown in Fig. 5 . The data can be represented by an equation of the form b,. = A exp (-&kT). The straight line in this figure is a least squares fit through the data points with A = (84OOk 800) cm's_' and 0 = (2.90 5 0.10) eV.
The results of the measurements on two different Si-substituted crystals which have n-type conduction and on a Ca-substituted p-type polycrystalline sample are shown in Fig. 6 . For comparison with the results obtained on the Zn-substituted crystal we have drawn the curve given by eqn (11) . We see that this equation gives a reasonable representation of the diffusion coefficient for all four samples which have been measured.
The diffusion studied in this section has taken place under a concentration gradient and the diffusion coefficient obtained in this way is therefore the chemical diffusion coefficient. For an interpretation of our experimental results we consider in the next section the meaning of 8, in more detail. 
DLSCUSSlON

(a) The chemical and microscopic difusion coeficient
We assume that the oxygen vacancy diffusion in the garnet can be described by the diffusion of one type of charged particles only, viz. Vu"' ' (m = 1,2). The effective (i.e. measured) chemical diffusion coefficient B? for the vacancies as obtained from the conduction measurements is related to the microscopic diffusion coefficient D, which describes the diffusion of VO"" when no gradient in chemical potential exists. The relation between a, an D, Single-crystalline %-doped sample A (see Table 1 ); t, Singlecrystalline Sidoped sample B (see Table 1 ). Solid line: Fit of the experimental data for a single-crystalline Zndoped sample (see Fig. 5 ).
is given by [I21 fin is generally enhanced with respect to D,. In the derivation of eqns (12) it is assumed that the vacancy ditIusion is rate determining and not the hole or electron diffusion.
If the vacancy concentration is small with respect to the oxygen concentration in the lattice and if the diffusion proceeds only by interchange of VO" and oxygen ions, we have D, = ad:l-'so = cu&'I', (13) where .x0(= 1) is the site fraction of oxygen ions, a is a geometrical constant, d, is the jump distance of the vacancy and I', is the jump frequency. The temperature dependence of D, is contained in the temperature dependence of F.. Now I, can be written as I, = v exp [ (TS,,, -H,,,) /kT], where v is a frequency factor, S, is the migration entropy and H, the migration enthalpy of the moving species. This means that the activation enthalpy of the microscopic diffusion coefficient only contains the migration enthalpy H,,,.
In order to determine D, from d the actual relation between p (or n) and [VO"'] has to be known. We have calculated &/D, for some limiting cases of the neutrality equation. For this purpose we first simplify this equation by assuming complete ionization of donors and acceptors, i.e. we write
(14)
Next we further simplify eqn (14) depending. on the relative magnitudes of the different terms. The resulting neutrality equations are given in Table 2 . Assuming a formation enthalpy H, for the formation of vb' according to eqn (1) we obtain a relation between [VJ and n by rewriting eqn (3) Using eqns (12)-(16) we have calculated the enhancement factor w/D, and the activation energy 6 of d. The result is presented in Table 2 .
It can be seen that only when the concentrations of donors and acceptors are of equal magnitude one tinds a strong enhancement of 6" and at the same time the activation energy of I& is different from H,,,.
Experimentally we find that our results for the p-type as well as for the n-type samples can be described by eqn (11) . With reference to Table 2 we conclude that under our experimental conditions fi"/D, J 1 and that the activation enthalpy obtained from eqn (11) is the migration enthalpy, i.e. 0 = H,,, = 2.90 eV.
i.b) The tracer and microscopic diffusion coeficients
The tracer diffusion coefficient DT has been measured in single crystalline and polycrystalline YIG by Paladin0 et aL [6] , who investigated the ditfusion of O'* isotopes. The results for both the single crystal and the polycrystalline samples could be described by the expression DT = 0.4 exp (-2.84 eV/kT) cm2s-'.
The self diffusion coefficient Do is given by Do = D'/f, where f is a correlation factor -1. Further Do is given by Do = ad;rzxo = Dxxu (17) Table. 2. Ratio of the chemical diffusion coefficient 6" and the microscopic diiusion coefficient II, of oxygen vacancies K for different neutrality equations. Also given are the activation enthalpies of D, and of the self diffusion coefficient Do for these neutrality equations (see Section 5) where x, is the site fraction of oxygen vacancies. Using this equation expressions for the activation energy of DO have been derived and the results are shown in the last column of Table 2 . This table illustrates the following general statement concerning the self diffusion of a particle i. The formation enthalpy H, of i only enters the expression for the activation energy of D, when the concentration [i] is determined by the partial pressure of one of the constituents. In the case that [i] is determined completely by the concentration of donors and/or acceptors the activation energy only contains the migration enthalpy H,. Experimentally the tracer diffusion experiments show an activation energy of 2.84 eV which agrees within the experimental uncertainty with the value of the migration enthalpy H,,, = 2.920.1 eV which is found from our work. We therefore may conclude that the concentration of the charged oxygen vacancies in the samples of Paladin0 c.s. [6] was determined by the impurity concentrations. (Case 3 or 4 of Table 2 .) Using eqn (17) we can estimate the oxygen vacancy concentration in the samples used for the tracer diffusion experiments to be x, = Do/D" = 0.4/8400 = 5.0 x 10-5, corresponding to 6.0 x low4 oxygen vacancies per formula unit, or a concentration of 2 x 10" cm-'. According to Table 2 this value should be equal to the difference between the acceptor and donor concentrations. It is well known that undoped YIG can contain appreciable amounts of impurities like Pb, Ca, Si, F or Pt [3] and the above mentioned vacancy concentration seems to be of very reasonable magnitude. It would be of great interest, however, to measure the tracer diffusion in YIG samples as a function of doping.
SUMMARY
In many compounds the concentration of native defects can be altered by changing the partial vapour pressure of a constituent at a sufficiently high temperature. Such a change in defect concentration is often accompanied by a change in electrical conductivity. We have shown that for small changes in partial pressure the changes in conduc-tivity and defect concentration are linearly related and that under these conditions the time dependence of D after a stepwise change in the partial pressure can be used to calculate the chemical diffusion coefficient of the defect.
More specifically we have shown that this procedure can be used to calculate the diffusion coefficient of oxygen vacancies in yttrium iron garnet in the temperature region 900-14OO"C, when the partial pressure is varied stepwise between 1 and 0.1 atm. Measurements on both p-and n-type single crystals and on p-type polycrystalline YIG samples all yielded the same values of the constants in the expression for the diffusion coefficient as a function of temperature. From an analysis of the experimental data in terms of possible models relating the defect concentrations in these materials we conclude that the activation energy of the diffusion has to be attributed solely to the migration enthalpy of the oxygen vacancies. We also find a close agreement between the temperature dependence of the diffusion coefficient of oxygen vacancies and of the tracer diffusion coefficient of 0" as determined by Paladin0 et al. [6] . This region is therefore not suitable for the diffusion measurements, and we restrict our discussion to the cases n &p or p B n. We can further distinguish between complete and incomplete ionization of the defects.
(a) Complete ionization
In this case the concentration of ionized defects is equal to the total defect concentration and using eqn (Al) we 6nd (T(1) = ao = 7 2p*e am where the upper sign is valid for p @ n and the lower for n @p.
For complete ionization the relationship between (r and C is thus linear.
For undoped, pure materials it is possible that [A],, and [D]are negligible with respect to [Cl,,. The situation p S n is then not possible for defects C of donor type.
For p 4 II eqn (A2) is then applicable.
(b) Incomplete ionization
We have made a calculation of the dependence p = p([C],,) in the p-type range, p ti n, under conditions comparable to those met for YIG. We assume a band gap energy of about 2eV, a temperature of 1129°C (kT = 0.12 eV) and due to the high band gap energy, a complete ionization of the donors N, exp (-E,/kT) [13] . Here the top of the valence band is chosen as the zero of the energy scale, EA is the acceptor ionization energy and the degeneracy factor p = 2.
Inserting [A'] and p in the neutrality equation, EP can be calculated and subsequently [A'] and p determined. The results of a calculation using [A],, = 8 x lOI cm-', N+ = 2 x l@' cm-' and [D],, =2x 10'8cm-3 is shown in Fig. 7 . Here p is given as a function of [Cl, with E, as a parameter. The deviation from the linear relationship between p and [Cl,, increases with E,,.
In Section 2(b) it was mentioned that for sulBciently small changes in C an approximately linear relationship between u (or here p) and C exists. Assuming a 10% change in the conductivity [a(C) -~(C,ll/u(C,) = 0.1 we have derived the relative change o in u"'(C), a = [u(l)(C) -u"'(C0)]/a'"(C0). /dp as a response to a relative change in the hole concentration Ap/p = 0.1, plotted as a function of the defect concentration [Cl, with the acceptor ionization energy E, as a parameter. All other parameters are as specified in Fig. 7 .
In Fig. 8 (I is shown as a function of C, again with E,, as parameter. We see that for E., G 0.5 eV, (I is smaller than 0.06. Therefore we conclude that we can indeed use the linear approximation (eqn 7) as long as we keep the relative change in the conductivity to 10% or less.
For the n-type range, n S= p, the calculation is quite similar and analogous conclusions can be drawn.
